The superantigenic staphylococcal enterotoxins are important virulence factors and contribute to various diseases, including food poisoning and toxic shock. Dexamethasone, an anti-inflammatory agent, attenuated staphylococcal enterotoxin B (SEB)-induced hypothermia and serum proinflammatory cytokines and improved survival from 0% to 86% in a lethal mouse model of SEB-mediated shock.
Staphylococcal enterotoxin B (SEB) and related superantigenic toxins are potent activators of the immune system and cause a myriad of maladies, ranging from food poisoning to potentially life-threatening toxic shock (13, 17, 21, 24) . These toxins bind directly to the major histocompatibility complex (MHC) class II molecules on antigen-presenting cells (17, 20, 22) and stimulate T cells via specific V␤ regions of the T-cell receptors (TCR) (5, 17) , resulting in activation of both monocytes/macrophages and T lymphocytes. The specific interaction of these microbial toxins with multiple cell types in the host leads to excessive production of proinflammatory cytokines, chemokines, and tissue factor, causing clinical symptoms that include fever, hypotension, and shock (13, 18, 24) . Two key inflammatory cytokines, interleukin 1 (IL-1) and tumor necrosis factor alpha (TNF-␣), are direct mediators of fever, hypotension, and shock (15) . Additionally, gamma interferon (IFN-␥) from superantigen-activated T cells acts synergistically with IL-1 and TNF-␣ to enhance immune reactions and tissue injury.
At present, there is no available therapeutic for treating staphylococcal exotoxin-induced shock except for the use of intravenous immunoglobulins (6) . Most therapeutic strategies for experimental animal models of SEB-induced shock have targeted proinflammatory cytokines, as there is a strong correlation between toxicity and increased serum levels of these inflammatory mediators (4, 11, 16, 19, 26) . These therapeutics include cytokine inhibitors and signal transduction inhibitors that target SEB-induced cellular activation pathways (10, 16) . Experimental approaches aimed at disrupting toxin interactions with receptors and costimulatory molecules on macrophages and lymphocytes have also been used by different laboratories (2, 9, 10, 28) . Thus, bispecific chimeric inhibitors, composed of the DR␣1 domain of MHC class II and the V␤ domain of the TCR connected by a flexible linker, were designed to bind SEB competitively and prevent binding to MHC class II of antigen-presenting cells and the TCR on T cells (9) .
Conserved peptides corresponding to residues 150 to 161 of SEB can act as an antagonist and prevent SEA-, SEB-, or toxic shock syndrome toxin 1-induced lethal shock in mice when given intravenously 30 min after an intraperitoneal (i.p.) toxin dose (2) . This segment of SEB is not associated with the classically defined MHC class II or TCR binding domains, but it may block costimulatory signals necessary for T-cell activation. However, a subsequent study of these peptides indicates that they are ineffective inhibitors of SEB-induced effects both in vitro and in vivo (23) .
We previously showed that dexamethasone potently inhibits staphylococcal exotoxin-induced T-cell proliferation, cytokine release, and activation markers in human peripheral blood mononuclear cells (14) . The current study was undertaken to evaluate the therapeutic efficacy of dexamethasone, a wellknown anti-inflammatory agent, for treating SEB-mediated toxic shock. Body temperatures and circulating levels of TNF-␣, IFN-␥, IL-1, IL-2, and IL-6 were assessed in a lipopolysaccharide (LPS)-potentiated lethal mouse model after an i.p. injection of SEB. Purified SEB was obtained from Toxin Technology (Sarasota, Fla.) and had an endotoxin content of Ͻ1 ng/mg protein, as determined by the Limulus amoebocyte lysate gelation test (Biowhittaker, Walkersville, Md.). Escherichia coli O55:B5 LPS was purchased from Difco Laboratories (Detroit, Mich.) and reconstituted in sterile phosphate-buffered saline (PBS). Dexamethasone (Sigma, St. Louis, Mo.) was prepared in dimethyl sulfoxide at 50 mg/ml. All injections (0.2 ml/mouse) were given i.p., and all dilutions were made in saline.
Pathogen-free BALB/c mice, 18 to 22 g, were obtained from Charles River (NCI-Frederick, Frederick, Md.). Research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations. All experiments involving animals adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals (21a). Implantable programmable temperature transponders (IPTT-200) were purchased from Bio Medic Data Systems, Inc. (Seaford, Del.). Temperature transponder chips (one per mouse) were implanted subcutaneously at least 2 weeks before the experiment was initiated, and body temperature was monitored twice daily, starting 72 h before initiation of each experiment and continuing for at least 10 days postexposure.
The lethal shock model consisted of an i.p. dose of 1 g of SEB/mouse, followed 4 h later by an i.p. injection of LPS (80 g/mouse) as described previously (26, 27) . The 50% lethal dose of LPS in mice is 300 g/mouse without the use of sensitizing agents (8) . Dexamethasone (50 g/mouse, except where noted) was given i.p. three times at the designated time points, with the first dose administered at different time points (3.75 h, 4.25 h, 4.5 h, or 5 h) after SEB administration. A second dose of dexamethasone was given 20 h after SEB administration, and a third dose was given 24 h after the second dose. All drug-treated mice received three doses of dexamethasone regardless of the time when the first dose was given. Temperature data were calculated as the mean reading Ϯ standard deviation (SD) for each group (7 to 10 mice per group). Animals were monitored for illness and death daily for a minimum of 10 days after toxin injection. Blood was collected and pooled from each group (five mice per group and time point) at 8 and 24 h after SEB administration, as previous studies showed that most serum cytokines peak 6 to 8 h after SEB administration in this mouse model (4, 26) . Blood was allowed to clot and then centrifuged in microtiter serum separator tubes (Becton Dickinson, Bedford, Mass.). The sera were pooled and stored at Ϫ70°C until further analysis. Serum levels of cytokines TNF-␣, IFN-␥, IL-1␣, IL-2, and IL-6 in pooled samples from five mice per time point were determined by enzyme-linked immunosorbent assay according to the manufacturer's specifications (R&D Systems, Minneapolis, Minn.). Data were analyzed for significant differences by the Student t test with the Stata program (Stata Corp., College Station, Tex.). Temperature data were expressed as the mean reading Ϯ SD. Cytokine data were expressed as the mean reading Ϯ SD and then analyzed for significant differences between the control (SEB-plus-LPS-treated) and the dexamethasonetreated groups. Differences were considered significant if P was Ͻ0.05. The Fisher exact test was used for survival analysis of dexamethasone-treated mice. Differences between dexamethasone-treated and untreated control groups were considered significant if P was Ͻ0.05.
Based on the anti-inflammatory effects of dexamethasone and because it is used clinically for treating a variety of inflammatory diseases, we tested its effectiveness in a well-established model of SEB-induced shock in BALB/c mice. Body temperature was used, as it accurately predicts mortality due to SEBinduced shock (27) . Preliminary experiments were conducted to establish the dose of dexamethasone needed to prevent lethal shock in mice. Figure 1 shows that SEB-plus-LPStreated mice (n ϭ 7) became hypothermic, with temperature drops starting at 8 to 10 h after SEB administration, whereas control mice treated with PBS, SEB, or LPS alone had normal temperatures. When animals were each given 50 g of dexamethasone 3.75 h after SEB, 86% of the mice survived. A lower dose of dexamethasone (10 g/mouse) given at 3.75 h after SEB resulted in a survival rate of only 28%. Importantly, mice treated with the higher dose of dexamethasone (50 g/ mouse) had a smaller drop in temperature at 21 h, and normal temperatures were maintained at 27 h and during the remaining observation period. This treatment with dexamethasone also alleviated objective signs and symptoms of distress (leth- argy and ruffled fur) in the SEB-plus-LPS-exposed mice. Improvement was seen within 6 h after high-dose (50-g/mouse) dexamethasone treatment. In contrast, the lower dose of dexamethasone (10 g/mouse) did not improve the hypothermic response to SEB plus LPS at 21 h, but normal temperatures were seen in the two survivors at 45 h (data not shown). Mice treated with this lower dose of dexamethasone also showed signs of distress similar to those of the SEB-plus-LPS-treated mice. The high dose of dexamethasone (50 g/mouse) was chosen for subsequent experiments to determine the therapeutic window for rescuing BALB/c mice from toxic shock.
We next determined the time window for therapeutic efficacy of dexamethasone treatment against SEB-induced shock. When dexamethasone (50 g/mouse) was given 3.75 or 4.25 h after SEB, 80% of mice (n ϭ 10) survived (P Ͻ 0.001), whereas treatment at 4.5 h and 5 h resulted in 10% and 20% survival, respectively. Dexamethasone given at these time points also delayed the time of death of nonsurvivors compared to that of SEB-plus-LPS controls (Fig. 2) . The body temperatures of mice treated with dexamethasone at 4.5 or 5 h after SEB administration remained low at 22 to 27 h, but temperatures rose to normal by 44 h as nonsurvivors were eliminated from the temperature measurements (data not shown). At this time point, the numbers of survivors differed in the treatment groups: 8 of 10 mice survived in the group treated with dexamethasone at 4.25 h post-SEB administration, whereas only 4 of 10 and 3 of 10 mice remained in the groups that were given dexamethasone at 4.5 h and 5 h, respectively. At 76 h after SEB administration, only three and two survivors were left in the 4.5-h and 5-h dexamethasone treatment groups, respectively.
Previous reports show that superantigens trigger a cascade of proinflammatory cytokines resulting in toxic shock (4, 11, 18, 19, 26) . We therefore analyzed the effects of dexamethasone on cytokine levels in mice. Dexamethasone significantly (P Ͻ 0.05) reduced serum concentrations of TNF-␣, IFN-␥, IL-1␣, IL-2, and IL-6 levels by 86%, 63%, 52%, 83%, and 90%, respectively, at 8 h after SEB administration, with further reduction of most cytokines 24 h after SEB treatment (Fig. 3) .
Bacterial superantigens cause toxic shock and contribute to septic complications during infection. SEB is the most widely studied toxin among the staphylococcal exotoxins, and various in vivo animal models have been developed to identify therapeutic agents to prevent superantigen-induced shock (2, 4, 23, 26, 28) . Proinflammatory cytokines are prime targets, as in vivo studies have shown a good correlation between the increased serum levels of proinflammatory cytokines TNF-␣, IFN-␥, IL-1, and IL-6 and SEB-induced lethality (2, 4, 19, 26) . Additionally, neutralizing antibodies against TNF-␣ also prevent SEB-induced lethality (19) .
In this study, we used body temperature, which has been used as an indicator of infection since ancient times, as a marker for SEB-induced toxic shock in an LPS-potentiated mouse model. We found that dexamethasone prevented the hypothermic response to SEB, reduced serum proinflammatory cytokine levels, and ultimately improved survival. However, a major problem of in vivo testing of therapeutics against SEB-induced toxic shock is how well animal models mimic human disease. The SEB-induced toxic shock mouse models rely on the synergistic action of SEB and LPS in eliciting a massive cascade of proinflammatory cytokines with lethality as an endpoint (4, 19, 23, 26, 27, 28) . Due to the insensitivity of mice to SEB and LPS, the doses of SEB and LPS used in these mouse models are higher than the nanogram quantities of these agents encountered in human cases of toxic shock syndrome and endotoxemia (24) . In addition, toxic shock syndrome represents a spectrum and progression of clinical symptoms, including multiorgan failure, in humans exposed to bacterial toxins and/or concurrent bacterial infection, pathogenic features which are absent in most mouse models. Nevertheless, the doses of dexamethasone used in the present study are similar to the high doses of corticosteriods used clinically in the management of systemic inflammation (3). Additional work is necessary to establish the relevance of mouse models using high doses of bacterial toxins to identify therapeutic agents for the treatment of superantigen-induced disease in humans.
Although the anti-inflammatory effects of steroids such as dexamethasone on leukocytes are well known (7, 12, 25) , the in vivo use of steroids in treating shock is controversial, with studies showing conflicting results as to their effectiveness (reviewed in reference 1). Our results using the LPS-potentiated model of SEB-induced toxic shock suggest a very narrow ther- apeutic window of treatment, which might shed some light on the timing of dexamethasone treatment for patients entering shock in a clinical setting. Our findings indicate that dexamethasone given at an early time point(s) after the entry of the inciting agent(s) can prevent cytokine release, hypothermia, and shock.
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